Abstract: This paper is concerned with the robust reliable memory controller design for a class of fuzzy uncertain systems with timevarying delay. The system under consideration is more general than those in other existent works. The controller, which is dependent on the magnitudes and derivative of the delay, is proposed in terms of linear matrix inequality (LMI). The closed-loop system is asymptotically stable for all admissible uncertainties as well as actuator faults. A numerical example is presented for illustration.
Introduction
Since Zadeh [1] proposed fuzzy logic control, it has developed into a conspicuous and successful branch of automation and control theory. In 1985, Tankagi and Sugeno proposed a design and analysis method for overall fuzzy systems, in which the qualitative knowledge of a system was first represented by a set of local linear dynamics [2] . This allows the designers to take advantage of conventional linear systems to analyze and control nonlinear systems [3, 4] . In the classical T-S fuzzy model, the local dynamics are known accurately. Due to the universal existence of model uncertainties in practice, robust fuzzy control of uncertain fuzzy systems has received much more attention in recent years [5, 6] . The T-S fuzzy model with uncertainties can represent a large class of nonlinear systems, however, even more nonlinear systems can not be described in this form. In [7] , we proposed a new system formulation in which the local systems have nonlinear uncertainties. This formulation is more general than those in other existent works.
Owing to the increasing demand for high reliability of many industrial processes, reliable control is becoming an ever increasingly important area [7−9] . An important reliability requirement for the design of reliable systems is to guarantee the stability and basic performance of the plant by a single controller which can tolerate sensor or actuator failures. That is, the essential stability and performance requirements for the control systems remain, not only when the system is operating properly, but also in the presence of certain system measurement or control input failures.
As is well known, the inherent time delays and nonlinearities contained in the dynamical behavior of many physical processes are unavoidable. The study on robust reliable control design for a class of nonlinear uncertain statedelayed systems has recently been one of the most active research fields of systems science. In [10] , the class of uncertain time-delay systems is described by a state-space model with real time-varying norm-bounded parameter uncertainties and nonlinear disturbances meeting the boundedness condition.
In this paper, the proposed method is inspired by the result in [11] . Being delay-dependent, the proposed method is less conservative than that in [7] . The derived stability criteria are expressed in terms of LMI, which can be effectively solved by using various optimization algorithms. In addition, the designed controller can work for more general systems than the state feedback control proposed in [6] .
The remaining parts are organized as follows: Section 2 is the problem formulation; in Section 3, a robust reliable controller is proposed, meanwhile the stability of the closed-loop system is proved; simulation studies are shown in Section 4; and finally, Section 5 draws the conclusions.
Problem formulation
Consider an uncertain nonlinear system with time delay described by the following T-S fuzzy model with time delay.
Plant Rule i:
where Nij are the fuzzy sets, x(t) ∈ R n is the state vector,
Scalar k is the number of IF-THEN rules; and θ1(t), · · · , θp(t) are the premise variables. It is assumed that the premise variables do not depend on the input u(t). Assumption 1. σ(t) is the time-varying delay in the state and satisfies σ(t) ≤ σ0 and σ0 is a known constant. It is further assumed thatσ(t) ≤ β < 1 and β is known.
Assumption 2. Matrices ∆Ai, ∆A1i and ∆Bi denotes the uncertainties in system and take the form of h ∆Ai ∆A1i ∆Bi
where M, Ei, E di and E bi are known constant matrices and F (t) is an unknown matrix satisfying
Assumption 3. There exist some known real constant matrixes Gi such that the unknown nonlinear vector functions fi(·) satisfy the following boundedness conditions:
Remark 1. The formulation (1) can describe a larger class of systems than ones in [6] .
Assumption 4. A1i ≡ A1,0 and ∆A1i ≡ ∆A1,0, so we have
Given a pair of (x(t), u(t)) , the final output of the fuzzy system is inferred as follows:
where hi(θ(t)) ≥ 0 for i = 1, 2, · · · , k and
The actuator fault model is described as follow
where
Matrix Φω describes the fault extent. δω(i) = 0 means that the ith system actuator is invalid, δω(i) ∈ (0, 1) implies that the ith system actuator is at fault to some extent and δω(i) = 1 denotes that the ith system actuator operates properly. For a given diagonal matrix ΦΩ , the set Ω = {uω = Φωu, and Φω ≥ ΦΩ } is named an admissible set of actuator fault. Our design object is to design a fuzzy reliable control law u(t) such that system (1) is asymptotically stable not only when all controller components operate well, but also in the case of any fault uω ∈ Ω occurring. The following lemma will be used in the sequel.
Lemma 1 [12] . 1) For any real vectors x, y and matrix P > 0 of compatible dimensions
2) Let A, D, E and F (t) be real matrices of appropriate dimensions with F (t) ≤ 1. For any scalar ε > 0
For any matrix P > 0 and scalar ε > 0 such that εI − EP E T > 0,
For any matrix P > 0 and scalar ε > 0 such that P − εDD 
Robust reliable controller design
In this section, we present the design of fuzzy reliable controllers. Suppose the following fuzzy controller is used to deal with the fuzzy control system (1).
Control rule i:
Define
Then, the overall fuzzy controller is given by
where Ki (i = 1, 2, · · · , k) are the control gains. The design goal of this paper is to determine the feedback gains Ki (i = 1, 2, · · · , k) such that the resulting closed-loop system is asymptotically stable even when actuator failure uω ∈ Ω occurs. For the case of uω ∈ Ω , the closed-loop system is given byẋ
hi(θ(t))hj(θ(t))×
[(Ai + ∆Ai)x(t) + (A1i + ∆A1i)x(t − σ(t))+ (Bi + ∆Bi)ΦωKjz(t) + Difi(x(t))], x = ϕ(t), t ∈ [−σ0, 0] (11) Taking the time derivative of z(t) , we obtaiṅ
[(Ai + ∆Ai)x(t) + (A1i + ∆A1i)x(t − σ(t))+ 
